DNA and DNA precursors (deoxyribonucleotides) suffer damage by reactive oxygen/nitrogen species. They are important mutagens for organisms, due to their endogenous formation. Damaged DNA and nucleotides cause alterations of the genetic information by the mispairing properties of the damaged bases, such as 8-hydroxyguanine (7,8-dihydro-8-oxoguanine) and 2-hydroxyadenine. Here, the author reviews the mutagenic potentials of damaged bases in DNA and of damaged DNA precursors formed by reactive oxygen/nitrogen species, focusing on the results obtained with synthetic oligonucleotides and 2¢-deoxyribonucleoside 5¢-triphosphates.
INTRODUCTION
DNA is the genetic material, which consists of base, sugar and phosphate moieties. The genetic information is maintained as the alignment of bases. Since DNA bases suffer damage by the chemical attacks, the genetic information is changed by the mispairing properties of the damaged bases thus formed. DNA is modi®ed by many mutagens, such as reactive oxygen species (ROS), ultraviolet, X-and g-rays and alkylating agents. ROS are recognized as very important sources of mutations and are involved in mutagenesis, carcinogenesis, aging and neurodegeneration (1±3), due to their endogenous formation in addition to their formation by many environmental mutagens and carcinogens.
When ROS react with DNA, various kinds of DNA lesions with modi®ed base and/or sugar moieties are produced ( Fig. 1 ) (4,5). 8-Hydroxyguanine (8-OH-Gua, 7,8-dihydro-8-oxoguanine) (6,7) is believed to be an important lesion because of its mutagenicity in bacterial and mammalian cells, as described below. However, recent studies have suggested that other oxidative DNA lesions may be as important as 8-OH-Gua. Moreover, oxidative lesions formed in the DNA precursors are also considered to be important. The oxidative damage in DNA and in the nucleotide pool provides a basis for understanding the chemical modi®cations of nucleic acids that disturb the genetic information. The author now reviews the mutagenic potentials of damaged bases in DNA and of damaged DNA precursors formed by ROS. In addition, the author refers to the damage caused by reactive nitrogen species (RNS). Since the relationship between the structures of DNA damage and their mutational properties is clear, the data provided by experiments with synthetic oligonucleotides and 2¢-deoxyribonucleoside 5¢-triphosphates will mainly be described in this review.
MUTAGENIC POTENTIALS OF OXIDIZED DNA LESIONS
When DNA is attacked by ROS or RNS, DNA lesions with modi®ed base and/or sugar moieties are produced. The DNA lesions thus formed are removed by cellular enzymes, and subsequent enzymatic processes restore the original nucleotide sequences (DNA repair). However, when DNA replication occurs before the repair, the DNA polymerase(s) incorporate a 2¢-deoxyribonucleoside 5¢-triphosphate opposite the lesions. This translesion synthesis (TLS) is carried out by the replicative DNA polymerase (pol) in some cases, and seems to be conducted by specialized DNA polymerases (see below) in other cases, probably depending on the nature of the lesions. If DNA synthesis is completely blocked by the lesion, then it is lethal. Highly mutagenic lesions appear to block DNA synthesis incompletely, and frequently form base pairs with incorrect nucleotides. In vitro DNA synthesis experiments provide valuable information regarding these points, although they are affected by the types of DNA polymerases tested. Site-directed mutagenesis experiments using living cells provide the mutation frequency (MF), which involves the ef®ciency of DNA repair in addition to these points. 
8-Hydroxyguanine
8-OH-Gua is now recognized as one of the most important DNA lesions, because of its prevalence in DNA and its mutagenicity in bacterial and mammalian cells, as described below. In addition, this compound is a useful marker for DNA oxidation (6, 7) , since it can be sensitively detected by a highperformance liquid chromatography system equipped with an electrochemical detector (HPLC-ECD). Elevation of 8-OHGua content in DNA has been reported in many experiments with cultured cells and animals that were exposed tò oxidative stress' (6, 7) .
In vitro DNA synthesis experiments with synthetic templates containing 8-OH-Gua have been carried out. Shibutani et al. observed that dCMP and dAMP were incorporated opposite 8-OH-Gua with various misincorporation ratios, depending on the polymerases used [the mammalian DNA polymerases a, b and d, and Escherichia coli pol I and the exonuclease-pro®cient Klenow fragment (KF exo+ )] (8). We also examined the miscoding properties of 8-OH-Gua at the sites corresponding to hot spots (5¢-GG*C-3¢ and 5¢-CG*G-3¢; G* represents 8-OH-Gua) of the human c-Ha-ras protooncogene (9, 10) . In agreement with the results of Shibutani et al., dCMP and dAMP were incorporated. DNA pol a inserted dAMP exclusively opposite 8-OH-Gua in the 5¢-GG*C-3¢ sequence, and incorporated dCMP in addition to dAMP opposite 8-OH-Gua in the 5¢-CG*G-3¢ sequence. The in¯uence of the neighboring sequences around 8-OH-Gua on the ef®ciency of nucleotide misincorporation was also observed in the case of Taq DNA pol (9, 10) . Efrati et al. reported that the incorporation of dAMP opposite 8-OH-Gua was slightly favored over that of dCMP, depending on thè downstream' sequence context, when human DNA pol b was used (11) . Interestingly, they observed a signi®cant increase in dCMP´A and dGMP´A mispairs at the`upstream' 3¢-template site adjacent to the lesion. Errors at these undamaged template sites occurred in four sequence contexts with both gapped and primed single-stranded (ss) DNA templates, but not with pol a instead of pol b (11). Steady-state and pre-steady-state analyses of nucleotide insertion and extension at 8-OH-Gua by several DNA polymerases were reported by Guengerich's group (12±14).
The mutagenic potentials of 8-OH-Gua in E.coli have been reported by several groups (15±18) using ss/double-stranded (ds) vectors (Table 1) . They observed that 8-OH-Gua elicited G®T transversions with MFs of 0.7±2.2% (ss) and 0.1±0.8% (ds). The MF was increased when a mutY or mutM/mutY, but not a mutM, strain was used (17, 18) .
Several groups have reported the mutagenic potentials of 8-OH-Gua in mammalian cells (Table 2 ). In 1992 and 1995, we described the mutations induced by 8-OH-Gua in hot spots of the human c-Ha-ras protooncogene in mouse NIH3T3 cells (19, 20) . 8-OH-Gua induced various types of mutations, including the targeted G®T and G®A substitutions and the semi-targeted mutations at the 5¢-¯anking position in the 5¢-GG*C-3¢ sequence, and elicited exclusively G®T transversions in the other contexts (Table 2) . These results suggest that the neighboring sequences could affect the mutational properties of 8-OH-Gua in living cells. The MFs of 8-OH-Gua were calculated as~1% (19, 20) . 8-OH-Gua in ss vectors elicited G®T transversions, with a MF of 4.0±6.8% in COS-7 cells (21±23). In addition to G®T transversions, G®A, G®C and semi-targeted mutations at the 5¢-¯anking positions were Synthetic oligonucleotides containing 8-OH-Gua near the 5¢-end, mimicking the nucleotide incorporation step, were designed to examine their thermodynamic stabilities (24) . We introduced the oxidized guanine into the sites corresponding to hot spots of the human c-Ha-ras gene. In duplexes with various bases at the 3¢-end, located opposite 8-OH-Gua, remarkably high stability (a small DG 0 value) was found in the case of the 8-OH-Gua´T pair in the 5¢-GG*C-3¢ sequence, while no stabilization was observed with the 8-OH-GuaT pair in the other context. These thermodynamic stabilities may be related to the mutation spectra obtained in our study using NIH3T3 cells (19,20; and see above). On the other hand, the thermodynamic stabilities did not correlate with the mutation spectra when duplexes with a central base pair involving 8-OH-Gua were examined (24). Plum et al. measured the thermodynamic stabilities of duplexes containing a base pair involving 8-OH-Gua in the center (25) . In agreement with our results, they observed a lack of correlation between the thermodynamic stability of the`base pairs' and the nucleotides incorporated opposite 8-OH-Gua. Thus, the stability of duplexes containing a modi®ed base at the terminus rather than in the center could be a good parameter for nucleotide insertion.
Synthetic oligonucleotides containing 8-OH-Gua were used for a structural analysis of the base pairs involving 8-OH-Gua. Figure 2A shows the hydrogen-bonding patterns of 8-OHGua´C and 8-OH-Gua´A pairs. It is known that 8-hydroxyguanosine takes the syn-conformation (26) . An 8-OH-Gua residue in DNA adopted both the syn-and anti-orientations, depending on the opposite base (27, 28) . 8-OH-Gua pairs with C in the Watson±Crick geometry, and pairs with A in the Hoogsteen geometry by adopting the syn-conformation. The positions of the O 6 -, 7H-and O 8 -atoms of the syn-oriented 8-OH-Gua are similar to those of the O 4 -, 3H-and O 2 -atoms of T, which is one of the reasons for the frequent misincorporation of dAMP opposite 8-OH-Gua.
2-Hydroxyadenine
2-Hydroxyadenine (2-OH-Ade, 1,2-dihydro-2-oxoadenine) is another type of DNA lesion produced by ROS. The yields of 2-OH-Ade are similar to those of 8-OH-Gua in the monomeric form, although its formation in DNA is less ef®cient (29, 30) . Thus, the incorporation of 2-hydroxy-dAMP (2-OH-dAMP) from the nucleotide pool appears to be the major pathway for the formation of 2-OH-Ade in DNA. It was reported that the treatment of cultured human cells with H 2 O 2 induced 2-OHAde accumulation in DNA (one-®fth of that of 8-OH-Gua) (31). 2-OH-Ade is more abundant in human cancerous tissues than in non-cancerous tissues (32) . Moreover, as shown below, 2-OH-Ade possesses a mutation-inducibility similar to that of 8-OH-Gua in living cells. Thus, 2-OH-Ade seems to be another important form of DNA damage produced by ROS.
To analyze the nucleotide misincorporation induced by 2-OH-Ade in DNA, we used 12 synthetic oligonucleotides containing 2-OH-Ade with different 5¢-and 3¢-¯anking bases as DNA templates for in vitro DNA synthesis (Table 3 ) (33, 34) . DNA polymerases inserted various nucleotides opposite 2-OH-Ade in the presence of a single dNTP, depending upon the sequence contexts and the DNA polymerases used. The two mammalian DNA polymerases incorporated dCMP most frequently among the`incorrect' nucleotides, while dGMP was inserted more ef®ciently than dCMP and dAMP by KF exo± . Interestingly, the three DNA polymerases inserted dAMP opposite 2-OH-Ade in the 5¢-TA*A-3¢ (A* denotes 2-OH-Ade) sequence. This phenomenon was observed using two different templates containing the 5¢-TA*A-3¢ sequence. This conclusion was con®rmed by a comparison of the full-length products obtained by in vitro DNA synthesis in the presence of the four nucleotides (33, 34) .
The mutations induced by 2-OH-Ade in E.coli and simian COS-7 cells were analyzed using a shuttle vector (35,36) ( Table 4 ). The oxidized adenine was incorporated into 5¢-GA*C-3¢ and 5¢-TA*A-3¢ sequences, based on the results of the in vitro experiments. In addition, the differences in the mutagenic properties of 2-OH-Ade in the lagging and leading template strands were studied. The frequency and the spectrum of the induced mutations depended on the sequence contexts and the lagging/leading synthesis. The MFs observed in these experiments were 0.1±0.8%, which are comparable with the MFs of 8-OH-Gua in ds DNA in NIH3T3 cells (19, 20) . Therefore, 2-OH-Ade in DNA is as mutagenic as 8-OH-Gua. The observed ±1 deletions at the 5¢-GA*C-3¢ and 5¢-TA*A-3¢ sites can be explained by the incorporation of dCMP and dAMP, respectively, opposite the 2-OH-Ade residue, and the subsequent formation of loop-out intermediates (35) . These results suggest the formation of the 2-OH-Ade´C and 2-OH-Ade´A pairs in living cells.
Synthetic oligonucleotides containing 2-OH-Ade near the 5¢-end, mimicking the nucleotide incorporation step, were designed to examine their thermodynamic stabilities (37) . The order of stability was T > G > C >> A in the 5¢-GA*C-3¢ sequence and T > A > C > G in the 5¢-TA*A-3¢ sequence. Since T, G and C, and T and A are the nucleotides incorporated opposite 2-OH-Ade in the 5¢-GA*C-3¢ and 5¢-TA*A-3¢ sequences, respectively, in vitro (33,34; see above), these results agree with the miscoding properties of 2-OH-Ade residues. A stable 2-OH-Ade´A pair was formed for the 5¢-TA*A-3¢ sequence, but not for the 5¢-GA*C-3¢ sequence, in molecular modeling (37) .
Since no structural information concerning`incorrect' base pairs involving 2-OH-Ade is available, the reasons why 2-OHAde is mutagenic remain to be resolved. The presence of the 2-hydroxy and 1,2-dihydro-2-oxo tautomers, and the possible presence of the syn and anti conformers, may lead to various types of base pairs involving 2-OH-Ade (38).
8-Hydroxyadenine
8-Hydroxyadenine (8-OH-Ade, 7,8-dihydro-8-oxoadenine) is an isomer of 2-OH-Ade. In vitro, 8-OH-Ade is not formed by Fenton-type oxidation, but by g-ray irradiation (30) . It was reported that 8-OH-Ade was formed in DNA by g-irradiation of mice (39) . Moreover, 8-OH-Ade is present in the neoplastic liver of ®sh (40) and in human cancerous tissues (32).
Shibutani et al. carried out in vitro DNA synthesis reactions catalyzed by various DNA polymerases, using synthetic templates with 8-OH-Ade, and observed the almost exclusive incorporation of dTMP opposite the base in the presence of the four nucleotides (41) . In contrast, misincorporations of dGMP (pol a, pol b and KF exo+ ) and dAMP (KF exo+ ) opposite 8-OHAde were found in the presence of a single nucleotide (41). Guschlbauer et al. sequenced the PCR product obtained with a template containing 8-OH-Ade by the Maxam±Gilbert procedure, and found that the majority of the product contained A at the 8-OH-Ade position (42) . We analyzed the nucleotides incorporated opposite 8-OH-Ade by pol a, pol b, KF exo+ and Taq DNA pol in the presence of the four nucleotides (43) . In contrast to the above results, the mammalian DNA polymerases inserted incorrect nucleotides opposite 8-OH-Ade, although the prokaryotic polymerases, KF exo+ and Taq pol, T>C>A~G  T>C  T>A>G>C  GCCA*ATATTCCGTCAT  T>G>C>A  T>G>C  T>G>A>C  GCTA*ATATTCCGTCAT  T>A  A>T  T>A>G  GCAA*ATATTCCGTCAT  T>C~A~G  T>C  T>G~A>C  GCGA*CTATTCCGTCAT  T>C>A  T>C  T>G>A~C  GCTA*CTATTCCGTCAT  T>A~C  T>C  T>G>A>C  GCGA*GTATTCCGTCAT  T>C  T>C>A~G  T>G>A>C  GCTA*GTATTCCGTCAT  T>C  T>C>A  T>G>A>C  GCGA*TTATTCCGTCAT  T>C~G~A  T>C>G  T>G>A~C  GCTA*TTATTCCGTCAT  T>C>G  T>C>G  T>G>C>A Synthetic oligonucleotides containing 8-OH-Ade were used for structural analyses of the base pairs involving 8-OH-Ade (42, 45) . Figure 2B shows the hydrogen-bonding patterns of 8-OH-Ade´T and 8-OH-Ade´G pairs. It is known that 8-hydroxyadenosine takes the syn-conformation (26). An 8-OH-Ade residue in DNA adopted both the syn-and antiorientations, depending on the opposite base. 8-OH-Ade paired with T in the Watson±Crick geometry, and paired with G in the two reverse three-center hydrogen-bonding system by adopting the syn-conformation. Since 8-OH-Ade´G pairs minimally disturb the B-DNA backbone structure (45) , the formation of this base pair may cause the misincorporation of dGMP opposite 8-OH-Ade, as observed in vitro and in living cells.
Formamidopyrimidines
Formamidopyrimidine (Fapy) lesions, imidazole ring opened purines, are produced by oxidative stress. It was reported that the treatment of cultured human cells with H 2 O 2 induced Fapy lesions in DNA (31) . They are more abundant in human cancerous tissues than in non-cancerous tissues (32).
Asagoshi et al. recently prepared an oligonucleotide template containing a 5-N-methylated analog of Fapy-Gua (methyl-Fapy-Gua) and used it in in vitro DNA synthesis (46).
Methyl-Fapy-Gua constituted a fairly strong, but not absolute, block to DNA synthesis catalyzed by KF exo± , and permitted TLS with limited ef®ciency. When methyl-Fapy-Gua was bypassed, dCMP was preferentially inserted opposite the lesion. Thus, they concluded that methyl-Fapy-Gua is potentially lethal but not pre-mutagenic.
Tudek et al. transfected phage DNA modi®ed with dimethylsulfate and NaOH into SOS-induced E.coli, and compared the mutation spectra in the lacZa gene with and without the selective elimination of damaged bases (47) . Partial elimination of the methyl-Fapy-Gua from the phage DNA by Fpg digestion resulted in a 2±3-fold decrease in G®T and G®C transversions. Selective depurination of methylated bases (37°C, 9 h, pH 7.0), which resulted in an almost complete loss of 7-methyl-Ade, caused a 9-fold decrease in A®G transitions. They concluded that methyl-Fapy-Ade induced A®G transitions, and that methyl-Fapy-Gua was at least an order of magnitude less mutagenic and elicited G®T and G®C transversions. However, the methyl substituent may affect the hydrogen-bonding, and the response of DNA polymerases to the methylated and unmethylated Fapy lesions may be very different. The recent chemical syntheses of oligonucleotides containing Fapy-Gua and Fapy-Ade (48, 49) will provide clearer results.
2-Aminoimidazolone
The formation of 2-aminoimidazolone (Iz) was observed by Mn-TMPyP/KHSO 5 and g-irradiation treatments of dGuo and its derivative, respectively (50, 51) . In addition, photo-oxidation by ribo¯avin plus light of an oligodeoxyribonucleotide yielded Iz from G (52).
Kino and Sugiyama carried out an in vitro DNA synthesis, using an oligonucleotide template with Iz (53) . DNA pol I and KF exo± incorporated dGMP opposite Iz. They mentioned that 98% of the template remained under the conditions used. Thus, this result suggests that Iz causes G´C®C´G transversion mutations, which are often found in ROS-treated DNA. They proposed that the base-pairing pattern of Iz´G resembles the Watson±Crick pairing of C´G (52) .
Xanthine
Xanthine (Xan), the deaminated product of guanine, is formed by nitric oxide (NO) treatment of intact human cells and of aerobic solutions of DNA (54). Eritja et al. reported that deoxyribonucleotides were incorporated at the site opposite Xan in the order of dTMP > dCMP >> dAMP and dGMP in vitro by Drosophila DNA pol a in the presence of a single nucleotide (55) . We analyzed the nucleotides incorporated opposite Xan in the presence of the four substrates, and found that mouse pol a inserted dTMP and dCMP with a similar ef®ciency (9) . In contrast, rat pol b and Taq pol incorporated dCMP almost exclusively.
A synthetic human c-Ha-ras gene with Xan at the second position of codon 12 was constructed, and this ds vector was transfected into NIH3T3 cells (56) . The Xan was highly mutagenic: the MF was calculated to be 30±50% in comparison with that of an activated c-Ha-ras gene. Analyses of the genes from the transformants revealed a G®A transition almost exclusively.
Hypoxanthine
Hypoxanthine (Hyp), the deaminated product of adenine, is formed by NO treatment of intact human cells and of aerobic solutions of DNA (54) .
In in vitro DNA synthesis experiments using a synthetic template containing Hyp, we observed the incorporation of dCMP opposite Hyp by Taq pol, mouse pol a and rat pol b (9). In the case of pol a, dTMP was also inserted, but much less ef®ciently. Ohtsuka et al. annealed a C-tailed oligonucleotide containing Hyp residues with G-tailed plasmid DNA (57) . They then treated the annealed DNA with KF exo+ and transfected the DNA into E.coli after circularization. All of the Hyp positions were substituted with G, indicating the incorporation of dCMP by KF exo+ .
Hill-Perkins et al. constructed a ds vector containing Hyp and found that Hyp induced A®G mutations with high frequency (MF was 11%) in E.coli (58) . We replaced the second base of codon 61 of a synthetic c-Ha-ras gene with a Hyp residue in a site-speci®c manner (59) . Transfection of this gene into NIH3T3 cells resulted in very ef®cient focus formation, and the MF was calculated to be 38±50%. A®G transition mutations were detected almost exclusively. Only one of the 20 clones analyzed contained an A®T mutation. These results indicate that Hyp is a highly mutagenic lesion.
The thermodynamic parameters of the self-complementary oligonucleotides with 2 bp involving Hyp in the middle were reported (60) . The stability was in the order of Hyp´C > Hyp´A > Hyp´G. The duplex containing a Hyp´T pair did not show cooperative melting.
The structures of ds oligodeoxyribonucleotides containing Hyp´C and Hyp´A pairs were determined by NMR (61) . Hyp can pair with C in the normal Watson±Crick manner (Fig. 2C) . The formation of this base pair in the Watson±Crick geometry, together with its high stability, explains the reason for the misincorporation of dCMP opposite Hyp. On the other hand, the Hyp´A base pair structure determined by NMR, is a Watson±Crick type (61), while the Hyp´A base pair is a Hoogsteen type in crystals (Fig. 2C) (62) .
5-Formyluracil
5-Formyluracil (5-CHO-Ura) is formed by the oxidation of the 5-methyl group of a thymine base. Its formation was detected in oxidation reactions (30,63±65).
Ono et al. conducted an in vitro DNA synthesis using KF exo+ (66) . They observed that this polymerase incorporated dGMP in addition to dAMP. Zhang et al. reported that DNA polymerases (KF exo+ , KF exo± , Tth DNA pol and Pfu DNA pol) inserted dAMP and dCMP opposite 5-CHO-Ura in vitro, in a sequence-dependent manner (67) . On the other hand, Masaoka et al. found that dAMP and dGMP were incorporated opposite 5-CHO-Ura in the template DNA by KF exo± (68) .
The mutational properties of 5-CHO-Ura in living cells were reported. Miyabe et al. conducted site-speci®c mutagenesis experiments using a ds vector and E.coli as a host (69) . They observed that the MF of 5-CHO-Ura was lower than 0.05% in repair-pro®cient bacterial cells. 5-CHO-Ura appeared to induce substitution and deletion mutations.
We recently reported that 5-CHO-Ura residues were weakly mutagenic, and their MFs in ds plasmid vectors were 0.01±0.04% in COS-7 cells (70) . These values are lower, by one order of magnitude, than the MFs of 2-OH-Ade in ds vectors in COS-7 cells and of 8-OH-Gua on a chromosome in NIH3T3 cells (19, 20, 36) . The T®G and T®A transversions during lagging and leading strand syntheses, respectively, were the mutations found most frequently. This result suggests the formation of 5-CHO-Ura´C and 5-CHO-Ura´T base pairs.
Recently, the structures of oligonucleotides containing 5-CHO-Ura´A and 5-CHO-Ura´G base pairs were reported (71, 72) . The latter pairs did not adopt the Watson±Crick geometry (Fig. 2D ) and this may be one reason for the infrequent misincorporation of dGMP opposite 5-CHO-Ura. Although the actual mechanisms of the induction of the T®G and T®A transversions are unknown, we hypothesized that these mutations might be explained by the participation of the formyl group in hydrogen-bonding when 5-fU adopts the synconformation (70).
5-Hydroxypyrimidines
5-Hydroxycytosine (5-OH-Cyt) and 5-hydroxyuracil (5-OHUra) are formed by the oxidation of cytosine, and the formation of the latter involves the deamination of cytosine glycol (73) . Their formations were observed in vitro and in human tissues (30±32,65).
Purmal et al. prepared oligonucleotides containing 5-OH-Cyt or 5-OH-Ura in two different sequence contexts, and used them as template DNAs for in vitro DNA synthesis conducted by KF exo+ (74) . In one sequence context, dGMP and dAMP were incorporated opposite 5-OH-Cyt, and dAMP was the principal nucleotide incorporated opposite 5-OH-Ura. In a second sequence context, dCMP was the predominant base incorporated opposite 5-OH-Cyt. In that same sequence context, dCMP was also the predominant nucleotide incorporated opposite 5-OH-Ura. The data suggest that 5-OH-Cyt and 5-OH-Ura have the potential to be premutagenic lesions leading to C®T transitions and C®G transversions.
Kreutzer and Essigmann investigated the mutagenicity of 5-OH-Cyt and 5-OH-Ura in ss DNA in E.coli (75) . The MF of 5-OH-Cyt was low (0.05%), and 5-OH-Cyt elicited C®T transitions, and to a much lesser extent, C®G transversions. In contrast, as expected, 5-OH-Ura elicited C®T mutations with high frequency (83%).
cis-Thymine glycol cis-Thymine glycol (Tg) was detected in g-irradiated DNA and in DNA isolated from g-irradiated human cells (76, 77 (79) . TLS was achieved only when KF exo± was added into the reaction mixtures. In this case, the incorporations of dAMP and dGMP opposite Tg were 1700-and 240 000-fold less ef®cient than the insertion of dAMP opposite T. On the other hand, Purmal et al. observed that the insertion of dAMP opposite Tg by KF exo± occurred with 0.2-fold of the ef®ciency of that opposite T (80) . The mutagenicity of Tg in E.coli was observed when Tg was present in ss DNA (MF~0.3%) but not in ds DNA (81) . T®C transitions were exclusively generated.
An abasic site and its analogs
DNA residues that lose their bases are called abasic sites. The cleavage of the N-glycosyl bond occurs spontaneously, and is enhanced by acid treatment. It was demonstrated that ROS induced signi®cant numbers of AP sites in calf thymus DNA (82) . High steady-state levels of AP sites in rat tissues and human liver DNA were also reported (83) . An increase in the number of abasic sites was also detected in human cultured cells exposed to H 2 O 2 (82) . In addition, abasic sites are formed as intermediates during the base-excision repair process conducted by DNA glycosylases, and many oxidized bases are recognized by speci®c glycosylases. Thus, an abasic site is one type of oxidative DNA damage.
A synthetic abasic site analog, often called a tetrahydrofuran (THF) derivative, was incorporated into synthetic oligonucleotides, which were used as templates in in vitro DNA synthesis reactions. Randall et al. used Drosophila DNA pol a in the reactions, and found that the order of insertion opposite the THF derivative was dAMP >> dGMP > dCMP and dTMP (84). Takeshita et al. used viral reverse transcriptase and calf thymus DNA pol a, and found that the former incorporated dAMP opposite the THF derivative with nearly 90% probability, while the latter inserted nucleotides in the order of dAMP (71%) >> dGMP > dTMP > dCMP (85) . We carried out in vitro DNA synthesis reactions conducted with mouse pol a and Taq DNA pol, using a THF analog, and found that dAMP was almost exclusively incorporated (86). Shibutani et al. compared nucleotide incorporations opposite a THF derivative and a natural abasic site, in the presence of the four nucleotides (87). They observed that dAMP was incorporated by KF exo± and calf thymus DNA pol a opposite the two types of abasic sites, and that deletions were also induced, depending on the sequence contexts. Interestingly, when human pol b was used in in vitro DNA synthesis, the insertion of a nucleotide complementary to the 5¢-adjacent base opposite the THF analog was observed (88).
Lawrence et al. constructed ss DNA containing a natural abasic site (89) . Replication of the modi®ed DNA in SOSuninduced and -induced E.coli cells occurred with 0.3±0.6% and 5.0±6.9% ef®ciencies, respectively. The positions where abasic sites had been incorporated were primarily converted to T (~50 and 80%) followed by C and A in SOS-induced cells, suggesting the predominant insertion of dAMP. The same research group prepared gapped-heteroduplexes containing a natural abasic site and transfected them into Saccharomyces cerevisiae (90). They observed that dCMP was preferentially (62±85%) inserted opposite an abasic site in yeast, in contrast to the situation in E.coli. At present, this discrepancy is interpreted to be due to the differences in the specialized DNA polymerases that bypass abasic sites: yeast Rev1 and E.coli DNA pol V (91±93).
We constructed synthetic c-Ha-ras genes with a THF analog in the ®rst or the second position of codon 12, and transfected them into NIH3T3 cells (86) . The MFs of the analog were calculated as~10%. The c-Ha-ras genes present in the transformants predominantly contained a point mutation to A in the modi®ed position. In addition, point mutations in the adjacent position were also detected. These results indicate that dTMP was mainly incorporated into the sites opposite the abasic site analog (except for dCMP), and that incorrect deoxynucleotides were incorporated in the position adjacent to the abasic site analog. We also obtained similar results with a true abasic site, but the¯anking mutations were detected more frequently (94). Gentil et al. constructed ds vectors containing a natural abasic site and transfected them into simian COS-7 cells (95, 96) . The MF was 0.6±2.6%. They observed that the mutation spectra of the abasic sites were dependent on thè complementary' base of the abasic site, and that, on average, all of the nucleotides appeared to be incorporated. They also reported that the four nucleotides were inserted with a similar frequency when ss DNA containing a natural abasic site was transfected (97) . The detailed mechanism of the`random' mutagenesis induced by an abasic site is unknown and may be related to the involvement of different specialized DNA polymerases in mammalian cells. Table 5 summarizes the mutational properties of abasic sites and their analogs in mammalian cells.
Ide et al. measured the thermodynamic stability of model template±primer DNA duplexes containing a THF derivative at their 5¢-termini (98) . They observed that the duplexes containing purine bases opposite the abasic site exhibited higher stability than those with pyrimidine bases. Gelfand et al. incorporated a THF analog into the center of 13mer DNA duplexes, in which the base opposite the lesion (A, C, G or T) and the base pairs neighboring the lesion (C´G or G´C) were systematically varied (99) . They concluded that the thermodynamic impact of the lesion was dominated by the identity of the neighboring base pairs, with the cross-strand partner base exerting only a secondary thermodynamic effect on the duplex properties.
Other forms of damage
Oxidation of 5-methylcytosine leads to the formation of 5-formylcytosine (5-CHO-Cyt) (100). The relative misincorporation frequency opposite 5-CHO-Cyt was similar to that opposite 5-methylcytosine during in vitro DNA synthesis conducted by KF exo± (101) . In contrast, we found that 5-CHOCyt was mutagenic, and its MF in ds vectors was 0.03±0.28% in mammalian cells (102) . The mutation spectrum of 5-CHOCyt was broad, and included targeted (5-CHO-Cyt®G, 5-CHO-Cyt®A and 5-CHO-Cyt®T) and untargeted mutations.
In vitro, KF exo± incorporated dAMP opposite uracil glycol, oxidized deaminated cytosine, suggesting that this modi®ed base is highly mutagenic (80 Kreutzer and Essigmann showed that the mutagenicity of uracil glycol in ss DNA in E.coli was high (MF~80%) and that a C®T transition was elicited (75).
Henderson et al. constructed three ss DNAs containing a secondary oxidation product of 8-OH-Gua (oxaluric acid, oxazalone or cyanuric acid) (103) . All three lesions were readily bypassed in E.coli, causing G®T transversions with frequencies of 86±97%. This result suggests that the G®T transversions observed in ROS-treated DNA may be elicited by these highly mutagenic lesions, rather than by the direct action of 8-OH-Gua.
MUTATGENIC POTENTIALS OF OXIDIZED DNA PRECURSORS
The fact that an E.coli mutator gene (mutT) encodes a hydrolyzing enzyme for 8-OH-dGTP indicates the incorporation of this oxidized nucleotide by DNA polymerases and its importance as a source of mutations (104). Tajiri et al. reported that the incorporation of 8-hydroxy-dGMP (8-OHdGMP) from the nucleotide pool contributed almost equally to the direct oxidation of G bases in DNA and to the accumulation of 8-OH-Gua in DNA (105) . In addition, the fact that the damaged nucleotides incorporated into bacterial cells elicit chromosomal gene mutations (see below) provides direct evidence that damaged DNA precursors act as mutagens. It is noteworthy that damaged DNA precursors appear to exert few biological effects if they are not incorporated into DNA by DNA polymerases. Since a damaged nucleotide`competes' with the normal nucleotides and much larger amounts of normal nucleotides exist in cells, its incorporation ef®ciency is very important. Thus, determining the relative incorporation frequency in comparison with the normal pairing event is necessary in in vitro DNA synthesis experiments, in addition to the ratio of`incorrect' to`correct' insertions. In contrast, the DNA damage within DNA chains, once formed, does not`c ompete' with the normal bases. The other important point is that a damaged precursor acts as a mutagen when the template base opposite which the damaged nucleotide is incorporated and the nucleobase incorporated opposite the damaged base in the DNA during the next round of replication are different. dUTP, formed from dCTP, does not appear to be mutagenic because dUMP is exclusively inserted opposite A, and dAMP is exclusively incorporated opposite U.
At present, the actual concentrations of oxidized DNA precursors are unknown. Shen et al. reported that the cytosolic 8-OH-Gua pool is increased by the exposure of mammalian cells to HClO and hypoxia (106) . Since they used HPLC-ECD after formic acid treatment, they measured 8-OH-Gua in all monomers, including nucleosides, mono-, di-and tri-phosphate derivatives. Recently, Tassotto and Mathews tried to measure 8-OH-dGTP in E.coli by HPLC-ECD, and concluded that its intracellular concentration is below 0.34 mM (the limit of detection) (107) . However, the ratio of 0.34 mM of 8-OHdGTP to the estimated concentration of dGTP in the bacterium (100 mM) (108) is 3.4 Q 10 ±3 , and this ratio seems to be too high when the in vivo situation is considered. Since the mutagenesis by the damaged deoxyribonucleoside triphosphates certainly depends on their concentration, it is important to establish sensitive methods to determine their intracellular amounts.
8-Hydroxy-dGTP
Maki and Sekiguchi examined the incorporation of 8-OHdGMP by the a (catalytic) subunit of E.coli DNA pol III using synthetic templates (104). 8-OH-dGMP was inserted opposite A and C with nearly equal ef®ciency. The kinetic parameters that they determined indicated that these incorporations werẽ 30-fold less ef®cient than those of the normal pairing. Purmal et al. carried out a kinetic analysis of the incorporation of 8-OH-dGMP by KF exo± , and found that they were 1400±2300-fold less ef®cient than those of the normal pairing (109). In contrast, Einolf et al. reported that the incorporations of 8-OHdGMP by KF exo± were 150 000±350 000-fold less ef®cient than those of the normal pairing (110) . They also determined the kinetic parameters of 8-OH-dGMP incorporation by other DNA polymerases. The misincorporation opposite A depended upon the DNA polymerase, and the ratio of the incorporation of 8-OH-dGMP opposite A to that opposite C varied (0.05±30). Cheng et al. added 8-OH-dGTP to the deoxyribonucleotides used for the gap-®lling reaction by KF exo± , and transfected the synthesized DNA into E.coli (16) . A®C transversions were almost exclusively detected. Similar results were obtained when other DNA polymerases, including the E.coli DNA pol III holoenzyme, were used (111,112). Pavlov et al. studied the effects of 8-OH-dGTP on the ®delity of replication conducted by a HeLa cell extract (112) . The replicated DNA was transfected into E.coli and induced A´T®C´G mutations. The induction of A®C and A´T®C´G mutations by 8-OH-dGTP was dependent on the MutY activity: The frequency of these mutations decreased when mutY strains were used as host cells (111, 112) .
The mutagenicity of 8-OH-dGTP in vivo was examined by a new evaluation method using E.coli as a host (113) . This method consists of the direct incorporation of a damaged nucleotide by heat treatment of E.coli cells with CaCl 2 , and the isolation of lacI ± and lacO c mutants. We treated wild type (wt) E.coli W3110 with 8-OH-dGTP, and the frequencies of lacI ± and lacO c mutations were measured. The treatment with 8-OH-dGTP increased the frequency of substitution mutations, in contrast to the treatment with either dGTP or dATP. The substitution mutation found most frequently in the 8-OHdGTP-induced mutants was an A´T®C´G transversion. This type of mutation makes up 90% of the substitution mutations.
2-Hydroxy-dATP
We incubated synthetic oligonucleotide templates with mammalian DNA pol a in the presence of 2-hydroxy-dATP (2-OHdATP), and found the incorporation of 2-OH-dAMP opposite T and C (29) . The misincorporation of 2-OH-dAMP opposite C was observed with three different DNA templates. The kinetic parameters indicated that the incorporation of 2-OHdAMP opposite T was disfavored by a factor of 290 over that of dAMP, and that the insertion of 2-OH-dAMP opposite C was disfavored by a factor of 1300 over that of dGMP. The incorporation of 2-OH-dAMP opposite T was favored only 4.5-fold over that opposite C. In contrast, the E.coli DNA pol III a (catalytic) subunit inserted 2-OH-dAMP opposite T and G, but not opposite C (114). This incorporation mode was observed with two different DNA templates. Based on the kinetic parameters obtained, the insertion of 2-OH-dAMP opposite T was disfavored by a factor of 70 over that of dATP. The insertion of 2-OH-dAMP opposite G was 800 times less frequent as compared with that of dCTP. Thus, the insertion of 2-OH-dAMP opposite T was calculated to be favored only 10-fold over that opposite G. Similar in vitro DNA synthesis experiments were carried out with KF exo± (114) . The insertion of 2-OH-dAMP opposite T was disfavored by a factor of 90 over that of dAMP. The insertion of 2-OH-dAMP opposite G was disfavored by a factor of 20 000 over that of dCMP. The insertion of 2-OH-dAMP opposite T by KF exo± was favored 200-fold over that opposite G.
We added 2-OH-dATP to the deoxyribonucleotides used for the gap-®lling reaction by the E.coli DNA pol III holoenzyme, and transfected the synthesized DNA into E.coli (111) . G®T transversions were almost exclusively detected. The mutagenicity of 2-OH-dATP was higher than that of 8-OH-dGTP.
The mutagenicity of 2-OH-dATP in E.coli was examined by a new evaluation method as described above (113) . When 2-OH-dATP was incorporated into wt E.coli, the MF was increased. 2-OH-dATP seemed to be more mutagenic than 8-OH-dGTP. The substitution mutation found most frequently in the 2-OH-dATP-induced mutants was a G´C®T´A transversion (84% of the total substitution mutations). This type of mutation appears to occur by the incorporation of 2-OH-dAMP opposite G residues in DNA by E.coli DNA polymerase(s), in agreement with the in vitro data. These results imply that the mutagenic potential of 2-OH-dATP is as important as that of 8-OH-dGTP, when present in the nucleotide pool.
2-Aminoimidazolone-2¢-deoxyriboside 5¢-triphosphate
Kino and Sugiyama examined primer extension in the presence of dGTP, dATP and dTTP, with or without 2-aminoimidazolone-2¢-deoxyriboside 5¢-triphosphate (53) . They reported that the nucleotide was incorporated opposite G instead of dCTP, although no kinetic data were shown.
Deoxyxanthosine 5¢-triphosphate and deoxyoxanosine 5¢-triphosphate Suzuki et al. examined the incorporation of deoxyxanthosine 5¢-monophosphate (dXMP) and deoxyoxanosine 5¢-monophosphate (dOMP) by KF exo± (115) . They found that dXMP was incorporated opposite C with much less ef®ciency (15 000-fold) in comparison with the insertion of dGMP opposite C. The insertion of dOMP opposite C was 5000-fold less ef®cient than that of dGMP opposite C, and the misinsertion of dOMP opposite T occurred with a 2-fold further decreased ef®ciency.
5-Formyl-dUTP
Terato et al. examined the incorporation of 5-formyl-dUMP (5-CHO-dUMP) by KF exo± and observed that the damaged nucleotide was incorporated opposite A and opposite G 2-and 34 500-fold, respectively, less ef®ciently than the normal pairing under pH 7.4 (116) . They also observed a higher misincorporation ef®ciency when the pH was increased. We employed 5-formyl-dUTP (5-CHO-dUTP) in an in vitro gap®lling reaction conducted by the E.coli DNA pol III holoenzyme (at pH 7.5), and transfected the synthesized DNA into E.coli (111) . However, the MF was not increased signi®cantly as compared with the control experiment, in which the gap-®lling was carried out without 5-CHO-dUTP.
When we introduced 5-CHO-dUTP directly into wt E.coli, the nucleotide elicited lacI ± and lacO c mutants as ef®ciently as 8-OH-dGTP (117). 5-CHO-dUTP induced G´C®A´T, A´T®G´C and G´C®T´A mutations. Since pol III did not seem to misincorporate 5-CHO-dUMP (111), other DNA polymerase(s) may be involved in the mutations induced by 5-CHO-dUTP in vivo. (109) . 5-OH-dCMP was inserted with 0.15-fold of the ef®ciency of dCMP opposite G. The incorporation of 5-OHdCMP opposite A was 1000-fold less ef®cient than that opposite G (7000-fold less ef®cient than those of the normal pairing).
Feig et al. treated dCTP with an ROS-generating system, and separated the modi®cation products by HPLC (118) . They then used the human immunode®ciency virus reverse transcriptase to incorporate each product into a DNA that contains a target gene for scoring mutations. One of the mutagenic species isolated was identi®ed as 5-hydroxy-dCTP (5-OH-dCTP), which causes C®T transitions in E.coli. We employed 5-OH-dCTP in the in vitro gap-®lling reaction conducted by the E.coli DNA pol III holoenzyme, and transfected the synthesized DNA into E.coli (111) . However, the MF was not increased signi®cantly as compared with the control experiment, in which the gap-®lling was carried out without 5-OH-dCTP, in contrast to the results from Feig et al.
When we introduced 5-OH-dCTP directly into wt E.coli, the nucleotide elicited lacI ± and lacO c mutants as ef®ciently as 8-OH-dGTP (117). 5-OH-dCTP induced A´T®C´G, A´T®G´C, and G´C®T´A mutations. However, since pol III did not seem to misincorporate 5-OH-dCMP (111), other DNA polymerase(s) may be involved in the mutations induced by 5-OH-dCTP in vivo.
Other damaged nucleotides 8-Hydroxy-dAMP was incorporated only opposite T, with 7700-fold less ef®ciency than that of the normal pairing by KF exo± (109) . Ide et al. found that thymidine glycol 5¢-monophosphate was not incorporated when KF exo+ was used (119) . In contrast, they observed that 5,6-dihydrothymidine 5¢-monophosphate was incorporated in place of dTMP during a primer elongation catalyzed by KF exo± (119) . The rate of incorporation of 5,6-dihydrothymidine 5¢-monophosphate was~10±25-fold lower than that of dTMP. Deoxyuridine glycol 5¢-monophosphate was incorporated opposite A by KF exo± with 100-fold less ef®ciency than dTMP (120) .
DNA REPAIR AND NUCLEOTIDE POOL SANITIZATION
As described above, many damaged nucleic acids produced by ROS/RNS, including DNA lesions and damaged DNA precursors, have mutagenic potentials. The damage in DNA, formed either directly or by the incorporation of a damaged DNA precursor, is removed by cellular DNA repair proteins. The repair ef®ciency of a DNA lesion is one of the determinant factors of the MF in living cells. For example, as shown above, the MF of 8-OH-Gua in E.coli is dependent on the presence of the MutM and MutY proteins, which are major repair enzymes preventing mutagenesis by the modi®ed base (17, 18) . Since many reviews of DNA repair have been published (e.g. refs 4,121±123), the author will simply summarize the data on the removal of damaged nucleotides from the DNA precursor pool. Nucleotide pool sanitization is very important for organisms to remove mutagenic DNA precursors, as described below.
MutT is the gene product of the E.coli mutator gene, mutT. Disruption of the mutT gene led to an increased MF of A´T®C´G (105, 124) . Maki and Sekiguchi found that MutT hydrolyzes 8-OH-dGTP to form the corresponding monophosphate (104) . Their report highlighted the role of`nucleotide pool sanitization' to prevent the mutagenesis induced by damaged DNA precursors. A similar enzymatic activity was found in mammalian cells, and the cloning of the gene was subsequently reported by the same group (125, 126) . This enzyme, MTH1 (MutT Homolog), hydrolyzes 8-OH-dGTP to form the cognate monophosphate, and the MTH1 gene could partially complement a mutT-de®ciency-induced mutator phenotype (126, 127) . In addition to 8-OH-dGTP, the human MTH1 hydrolyzes 2-OH-dATP more ef®ciently than 8-OHdGTP (128) . This preferential hydrolysis of 2-OH-dATP over 8-OH-dGTP was attributed to the higher af®nity for 2-OHdATP than for 8-OH-dGTP. These results imply that 2-OHdATP is an intrinsic substrate for the human MTH1 protein.
Moreover, the MTH1 protein hydrolyzes 8-hydroxy-dATP with an ef®ciency similar to that for 8-OH-dGTP (128) . The fact that a greater number of tumors were formed in the lungs, livers and stomachs of MTH1-de®cient mice than wt mice suggests that MTH1 functions as an antimutator protein (129) .
Recently, we found that 2-OH-dATP, and, less ef®ciently, 8-OH-dGTP, were hydrolyzed by the E.coli Orf135 protein (130) , suggesting that this protein may be involved in the prevention of mutations induced by these oxidized deoxynucleotides. Kobayashi et al. found that the overproduction of the E.coli ribA gene product (GTP cyclohydrolase II) reduced the increased MF level of the mutT strain to almost the normal level (131) . They also observed that the puri®ed GTP cyclohydrolase II protein ef®ciently hydrolyzed 8-OH-dGTP to 8-OH-dGMP. This enzyme may also protect genetic material from the untoward effects of ROS.
An inosine triphosphatase, which hydrolyzes ITP, dITP and xanthosine 5¢-triphosphate, was found (132 and references therein). Although the activity has not been demonstrated, it may act on dXTP as well as dITP. Thus, this enzyme may contribute to the elimination of damaged deoxyribonucleotides formed by NO. A similar enzyme, dUTP pyrophosphatase, which hydrolyzes the deamination product of dCTP, is ubiquitously present in organisms (133 and references therein). These proteins remove damaged nucleotides in the nucleotide pool, and are called sanitizing enzymes.
ROLE OF SPECIALIZED DNA POLYMERASES
Recently, a family of DNA polymerases involved in TLS has been identi®ed in prokaryotes and eukaryotes, including human cells (134±136). It is the accepted idea that these specialized DNA polymerases act to minimize the cell death resulting from replication blockage. For example, E.coli has three specialized DNA polymerases (DNA polymerases II, IV and V). It was shown that the bypass of N-2-acetylaminouorene guanine adducts located within a mutation hot spot requires pol II for ±2 frameshifts, but pol V for error-free TLS (137) . On the other hand, error-free and ±1 frameshift TLS at a benzo[a]pyrene adduct requires both pol IV and pol V (137). In the case of an abasic site, the involvement of E.coli DNA pol V in TLS has been suggested by the in vitro results (92, 93) , supporting the observation that TLS is not observed in an umuDC (pol V de®cient) E.coli strain (138) . However, the actual TLS polymerase(s) for abasic sites in mammalian cells is unclear. To date, for most oxidized DNA lesions, there has not been a distinctive correspondence of a specialized DNA pol with a DNA lesion, and the role of these polymerases in the mutagenesis remains to be resolved. In the near future, in vitro DNA synthesis reactions may be re-investigated by using the responsible DNA pol that actually bypasses the lesion in vivo.
CONCLUSION AND PERSPECTIVE
Approaches using synthetic oligodeoxyribonucleotides containing a de®ned DNA lesion have been successfully employed in DNA synthesis experiments in vitro and in living cells, to elucidate the mutagenic potential of the lesion of interest. To date, only the lesions that have moderate chemical stability have been examined, due to stringent conditions during the oligonucleotide synthesis. Further efforts, such as the development of new protecting groups that can be removed under very mild conditions, are necessary. Some oligonucleotides with a DNA lesion have been prepared by the post-synthetic (chemical or enzymatic) conversion of the precursor oligonucleotides (e.g. refs 70, 78, 89) , by the enzymatic incorporation of nucleotides (ref. 74) , and their combination (e.g. ref. 46 ). The development of these procedures is also important to synthesize oligonucleotides with speci®c lesions. In addition, the mutagenic potential of chemically unstable lesions must be addressed. Although they may be dif®cult to detect in the DNA, due to their instability, they may be highly mutagenic. In particular, the mutagenicity of an unstable lesion in living cells is important, and should be studied in detail. The hurdles toward the achievement of this issue may be overcome by the use of an oligonucleotide with a good analog, or the establishment of a novel and complete conversion method from the precursor in vector DNA.
Another important issue is the use of ds and ss vectors. In general, the repair of a DNA lesion appears to be more ef®cient in ds DNA than in ss DNA, in living cells. Thus, the use of a ss vector may be better to study the misincorporation frequency in cells. However, a ds vector may be more appropriate for an accurate elucidation of the mutagenicity in cells, considering both the repair and misincorporation ef®ciencies. The possibility that ss DNA replication may be carried out by different machinery than that for ds DNA is noteworthy. Interestingly, some DNA lesions showed different mutational properties when located in the leading and lagging template strands of ds vectors (e.g. refs 35, 36, 70) . This is another important point to consider when evaluating the actual mutagenicity of DNA lesions in cells, in addition to the interest in discerning the mechanism of this phenomenon.
As described in this paper, the mutagenic potentials of some DNA lesions depended on the sequence context (e.g. refs 10, 20, 34) . It is unclear whether all lesions show sequencedependency, because very few sequence contexts have been used. Recently, Delaney and Essigmann have developed a novel system, the restriction endonuclease and post-labeling assay, and have used this method in experiments using O 6 -methylguanine in 16 sequence contexts (139) . This method enabled them to quantify the MF very rapidly, without an analysis of each colony or plaque. This procedure seems to be very useful to examine the effects of the sequence around a DNA lesion on the mutagenicity and the mutation spectrum. Hatahet et al. synthesized oligonucleotides containing either 8-OH-Gua, a natural abasic site, or the THF derivative surrounded by four randomized bases on both the 5¢ and 3¢ sides, and used them as templates for synthesis by T4 DNA polymerase holoenzyme (140, 141) . Successful bypass products were puri®ed after (8-OH-Gua) or without (abasic sites) DNA repair enzyme treatment, and were subcloned to determine the sequence. They observed that biases for and against certain nucleotides were readily noticeable across the entire randomized region. This type of approach appears to be useful to determine the effect of the sequence contexts and may be extended to the in vivo experiments.
Accumulating evidence indicates the importance of damaged nucleotides in the mutation process. Interestingly, Nunoshiba et al. reported that the mutations found in an E.coli strain lacking superoxide dismutases and a repressor for ironuptake systems were G´C®T´A and A´T®C´G transversions, and they reported that these mutations might be induced by 2-OH-dATP and 8-OH-dGTP, respectively (142, 143) . From this viewpoint, the nucleotide pool sanitization enzymes should be studied in detail, because they may be as important as DNA repair enzymes.
In conclusion, the mutagenic potentials of oxidized nucleic acids are determined by various cellular factors: the ef®ciencies of the DNA repair/nucleotide pool sanitization, the misincorporation by replicative DNA polymerase(s), and the misincorporation by specialized DNA polymerase(s). Since repair and sanitization ef®ciencies may differ between organisms and strains, due to variations in the type and the expression of these enzymes, the mutagenicity of a DNA lesion probably depends on the cell type. Likewise, the involvement of specialized DNA polymerases will differ in each cell. Thus, DNA repair proteins, nucleotide pool sanitization enzymes, and specialized DNA polymerases that deal with a certain DNA lesion have to be examined in detail and to be corresponded to a lesion. The experimentally observed MFs will be understood by the functions of these parameters, as revealed by in vitro experiments. Chemically synthesized oligonucleotides and nucleotides will be useful to clarify the events that occur in living cells.
